We study the competition between different possible ground states of the double-exchange model with strong ferromagnetic exchange interaction between itinerant electrons and local spins. Both for classical and quantum treatment of the local spins the homogeneous canted state is shown to be unstable against a phase separation. The conditions for the phase separation into the mixture of the antiferromagnetic and ferromagnetic/canted states are given. We also discuss another possible realization of the phase-separated state: ferromagnetic polarons embedded into an antiferromagnetic surrounding. The general picture of a percolated state, which emerges from these considerations, is discussed and compared with results of recent experiments on doped manganaties.
Introduction
The double-exchange model describing itinerant electrons interacting with local spins was first used to explain ferromagnetism in metals, such as Ni and Fe [1] . The revival of interest to this model was prompted by the recent observation of the colossal magnetoresistance (CMR) in manganites [2] . The limit of strong ferromagnetic (FM) exchange between the conducting electrons and spins, relevant for manganites, was first discussed by de Gennes [3] . He suggested that the competition between the antiferromagnetic (AFM) superexchange and the double exchange results in the canting of the AFM state (the angle θ between the spins from different sublattices becomes smaller than π). The canting angle grows with the concentration of charge carriers, which explains the increase of magnetization upon doping observed in La 1−x Ca x MnO 3 .
However, already rather long ago arguments against the canted ground state were put forward, most notably by Nagaev [6]. In the de Gennes approach the local spins were treated classically. Quantum corrections stabilize the AF state and the canting appears only above certain concentration of charge carriers [6] .
A more fundamental problem is that at partial filling of the conduction band any homogeneous ground state may be unstable against a phase separation. Such an instability takes place in the Hubbard model away from half-filling [4] and in the t-J model [5] . In a wide range of parameters the ground state of these models is phase-separated, stable a e-mail: khomskii@phys.rug.nl homogeneous solutions being rather an exception. In this respect the double-exchange model is rather similar, which can be seen already from the tendency to a formation of magnetic polarons in this model [6, 7] . These polarons are FM droplets surrounding charge carriers in the AF background. If for some reason (large effective mass, disorder) the polarons become immobile, they can be viewed as a form of the FM-AFM phase separation (see also [8, 9] ).
The phase separation in the double-exchange model would imply that many experimental data on doped manganites should be reinterpreted taking into account the magnetic and electronic inhomogeneity of the ground state. In particular, the charge transport and the metalinsulator transition should be described in terms of percolation rather than by the properties of some pure states. The percolation in managanites was emphasized by Gorkov and Kresin in reference [10] . Some recent experimental results also strongly point in this direction [11] [12] [13] .
In this paper we discuss the instability against the phase separation in the double-exchange model. Although we mostly keep in mind applications to CMR manganites, our treatment has a general character. We go beyond the classical treatment of local spins used in most numerical studies of the double-exchange model. Our treatment has some points in common with the previous investigations. Nevertheless, we think it is worthwhile to include (with necessary modifications) some old results, so as to have a full coherent picture of the behavior of this system. Our paper is organized as follows. After formulating the model in Section 2, we discuss the homogeneous canted state, taking into account quantum effects. Several critical 218 The European Physical Journal B concentrations separating different regimes are identified. In Section 3 we demonstrate that for small concentrations of charge carriers the homogeneous canted state is unstable against a phase separation. In Section 4 the general phase diagram of the double-exchange model is discussed. The Maxwell construction is used to investigate the characteristics of the coexisting phases. It is shown, in particular, that depending on the parameters, there may be phase separation not only on AFM and FM phases, but also on AFM and canted states. Then in Section 5, we consider the polaronic state and explicitely show that the energy of this inhomogeneous state is lower than the energy of the homogeneous canted state, even when quantum effects are taken into account. Finally, in the concluding Section 6 we summarize the main results and discuss the resulting picture in relation to some recent experimental observations.
Energy of homogeneous canted state
We consider the double-exchange Hamiltonian describing the interaction of itinerant electrons with localized spins, to which we add the Heisenberg interaction between the spins (FM Kondo-lattice model):
Here, the first term describes the hopping of conduction electrons, the second term is the on-site FM exchange between the spin of a conduction electron s and the localized spin S, and the last term is the AFM exchange between the nearest localized spins (J H , J > 0). We assume the value of localized spins to be large: S 1. Furthermore, we consider the case of strong Hund coupling J H and weak Heisenberg coupling J:
Finally, in this paper we consider the simple cubic lattice. The model (1) describes the competition between the direct antiferromagnetic exchange of the localized spins and the double exchange via the conduction electrons, which tends to order the spins ferromagnetically. The simplest state that could result from this competition, is a canted state, which has the features of both the FM and AFM states: as in the AFM state, the localized spins in the canted state form two sublattices, however an angle θ between the magnetizations of the sublattices is, in general, arbitrary, so that the total magnetic momentum of the system is nonzero. The canted state interpolates between the AFM state (θ = π) and the FM state (θ = 0).
In the classical treatment of localized spins, used in reference [3] , the orientation of the spins is fixed:
where A and B denote the two sublattices and the unit vectors n A and n B describe the direction of the magnetization of the corresponding sublattice. Such a state we shall call the classical canted (CC) state. In another approach [6], one assumes that equation (3) only holds on sites that are not occupied by conduction electrons. In the quantum language, the localized spins on empty sites have the maximal projection, +S, on the magnetization vector of the corresponding sublattice. On occupied sites, however, the localized spin S and the spin of a conduction electron s form a state with the maximal total spin S tot = S + 1 2 , because it has the lowest energy in the large-J H limit. The projection of the total spin on the axis of the corresponding sublattice can have only two values: S z tot = S ± 1 2 (otherwise, the localized spin cannot remain in the state with the maximal projection after the conduction electron leaves the site). The hopping of electrons between the two sublattices is then described by a 2 × 2 matrix. Diagonalizing this matrix one obtains two electron bands with the corresponding hopping amplitudes [6] ,
where γ is defined by sinh γ = S cos θ 2 / √ 2S + 1. The twoband canted state is referred below as the quantum canted (QC) state (though the quantum fluctuations of local spins are not taken into account in this approach).
The origin of the two hopping amplitudes t ± can be easily understood on the simple examples. For the AFM state (θ = π) the two bands have the same width:
2S+1 . An electron, propagating coherently in the AFM spin background, creates a state with S z tot = S + 1 2 on one sublattice and a state with S z tot = S − 1 2 on the other:
which closely resembles a type of motion considered by Zaanen et al. in reference [14] . Similarly, for the FM ordering (θ = 0) we obtain from (4) t + = t and t − = t 2S+1 . Here, t + corresponds to the motion of a spin-up electron in the spin-up FM background, whereas t − describes the motion of the spin-down electron in the same background. In the latter case, on each site the electron spin and the local spin form the |S z tot = S − 1 2 state. We denote by n ± the densities of electrons occupying the two bands, so that n + + n − = n,
where n is the total electron density. As we shall shortly see, under condition (2) the transitions between the AFM, canted, and FM states take place at n 1. In this case
